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© Solid-clip methodology and architecture for clipping solid models and displaying cross-sections 
using depth-buffers. 

© A method, and apparatus for practicing the method, processes pixels to display a cross-sectioned image of 
a solid object. The method includes the steps of, for each pixel that projects onto the solid object, (a) 
determining, as a function of a depth of a clipping plane at a pixel, a parity of the pixel; and (b) for each pixel 
determined to have a predetermined type of parity, displaying the pixel with a visual characteristic selected to 
indicate that the pixel is a pixel that projects onto material that is within an interior of the solid object. 
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This invention relates generally to solid modelling and. in particular, to methods and apparatus for 
displaying a solid model that is clipped, or cross-sectioned, by a clipping plane. 

Solid modeling is a known technique for modeling objects with a computer and for specifying a design 
and a manufacturing process of such objects. A method for interactively creating, displaying, and 
manipulating solid models is required to make efficient use of the descriptive power of solid modeling. 
Methods for the fast display of solids described by Constructive Solid Geometry (CSG), using multiple z- 
buffers, have been previously described. By example, in commonly assigned U.S. Patent 5,027,292, issued 
June 25, 1991, entitled "Multiple Depth Buffers for Graphics and Solid Modelling" by J. Rossignac et al., 
there is described the use of front and back z-buffers. 

Another important consideration for displaying solids is an ability to selectively display only certain 
parts of the solids. These parts are defined by specifying a subspace of the entire screen space, or by 
defining a cross-section of the solid. Typically, these subspaces are delimited by planes, referred to in the 
art as clipping planes. The cross-section may be defined as the intersection of the solid with the clipping 
plane. Efficient clipping operations provide several valuable interactive operations. 

First, the use of a clipping plane or clipping planes clarifies the image by clipping away, or visually 
removing, portions of the solid that are not of interest to a user. 

Second, the use of a clipping plane or clipping planes enables the- user. to view the interior structure of 
a solid by clipping away those portions of the solid that enclose an interior region of interest. 

Third, the use of a clipping plane enables the user to gain an understanding of the shape of complex 
solids by inspecting various cross-sections that are defined by appropriate positioning of the clipping plane 
or clipping planes. 

Displaying clipped solids should ideally result in images that are as close to the intended operation, 
namely cross-sectioning the solid, as possible. Therefore, it is desirable that the image of the interior of an 
object be easily identified on the display. Also, the user benefits most from the clipping operation if it is 
accomplished interactively, i.e. a change in the position of the clipping plane is reflected in the image with 
little latency. Therefore, it is desirable that clipping be implemented with relatively simple logical and 
arithmetic operations that can be readily performed by, or supported by, hardware. 

Many traditional surface clipping techniques discard those portions of the faces of the solid that lie 
outside of the clipping volume. As a result, the backface(s) of the solid are displayed at those pixels where 
the front surface(s) have been clipped away. However, this is undesirable because it does not reflect the 
reality that solids are partially or entirely filled with material. 

Traditionally, the clipping of solids has been accomplished with clipping polygons that bound the solid. 
Several techniques for polygon clipping are known. By example, Sutherland and Hodgman describe in 
"Reentrant Polygon Clipping", CACM, 18(1), pp. 32-42, January 1974, a technique that clips an arbitrary 
connected polygon against convex clipping regions or a convex clipping volume. This technique succes- 
sively clips each polygon against each of the clipping planes. During this process a new polygon is 
generated whose vertices lie inside of, or on, the boundary of the clipping volume. Portions of the original 
- polygon that are outside of the clipping volume are discarded. 

Liang and Barsky describe in "An Analysis and Algorithm for Polygon Clipping", CACM 26(11), 
November 1983 (Corrigendum, CACM, 27(2)), February 1984, a more efficient technique for clipping 
polygons against a rectangular clipping window. These authors reduce the computational effort by 
determining which sides of a rectangle might be intersected by an edge of the polygon to be clipped. 
Again, regions outside of the clipping rectangle are removed from the data structure by generating a new 
polygon having vertices that are contained in the clipping rectangle. 

Weiler describes in "Polygon Comparison Using a Graph Representation", SIGGRAPH '80, a method to 
clip a polygon against another arbitrary polygon. The technique divides the supporting plain of the polygons 
into portions that are covered by none, one, or both polygons. The method selects those portions that are 
covered by both polygons. The other portions are discarded. 

As is evident, a common property of all of these techniques is that portions of the polygon outside the 
clipping volume are removed. When these polygons bound a solid, clipping against the front faces reveals 
the interior of the volume of the solid and displays the back faces, as seen in Fig. 2a and Fig. 2b. In that 
both the front faces and the back faces would be subject to the same lighting calculations, such an image 
may be visually confusing. 

What is required instead, when a front of a solid is clipped by a front clipping plane, is to provide a 
visual effect of a cross-section through the solid. By example, the intersection of the front clipping plane 
and the solid should be displayed in, by example only, a constant color and/or a cross-hatched pattern. This 
approach would more accurately model the reality that a solid is not empty space bounded by surfaces, but 
contains visually distinct material. 

3 
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It is thus an object of the invention to overcome the above mentioned problems of the prior art. 

The object of the invention is solved by applying the features laid down in the independent claims. 
Preferred embodiments are set out in the dependent claims. 

The invention provides a clipping technique that detects those pixels that project onto a region where 
5 the interior of a cross-sectional solid is displayed so as to render these pixels in a visually distinct manner. 
By example, interior pixels may be flat shaded while surface pixels are rendered, taking into account the 
scene illumination. 

The invention further provides for a correct rendering of solid objects by the use of a plurality of depth 
buffers, in conjunction with a pixel parity flag memory plane, so as to detect and make visually apparent 
10 interior material that is exposed by one or more clipping planes or surfaces that intersect a solid object. 

The foregoing and other problems are overcome and the object of the invention is realized by a solid 
clipping method, and apparatus for accomplishing the method. 

In general, a method of the invention processes pixels to display a cross-sectioned image of a solid 
object. The method includes the steps of, for each pixel that projects onto the solid object, (a) determining, 
75 as a function of a depth-of a clipping plane at a pixel, a parity of the pixel; and (b) for each pixel determined 
to have a predetermined type of parity, displaying the pixel with a visual characteristic selected to indicate 
that the pixelis a pixel that projects onto material that is within an interior of the solid, abjec*. 

By example, the clipping plane is a front clipping plane, and the step of determining a parity of a pixel 
includes a step of maintaining a record of a number of faces of the solid object that are traversed by a 
20 projection of the pixel, the faces being behind the front clipping plane. The step of maintaining includes a 
step of generating a record of pixel coordinates of pixels that bound a region of the solid object and that lie 
behind the front clipping plane. 

The predetermined type of parity is odd parity. A pixel is determined to have odd parity if an odd 
number of faces of the solid object are traversed by the projection of that pixel. 
25 In one embodiment of the invention the method includes an initial step of projecting onto the clipping 
plane any portion of the solid object that extends beyond the clipping plane. 

As was stated, in one embodiment of the method of the invention surface points are projected that lie 
outside of the clipping volume (i.e., behind the clipping plane) onto the clipping plane. By this projection, 
several surfaces of the object may be mapped into the same points on the clipping plane. This condition is 
30 detected and processed during a second pass over the object, and the involved surfaces are eliminated. 
This procedure is referred to herein as the regularization of a solid. 

The method of the invention provides a capability to assign various colors to an interior region of a solid 
that is exposed by clipping the solid against a front clipping plane. The interior region may be displayed in 
a constant color, or may be displayed correctly shaded by taking into consideration a normal vector of the 
35 cross-section and interior material properties. 

One embodiment of the method enables the display of a clipped complement of a solid. This is useful 
to "look ahead" while inspecting a complicated scene by moving the clipping plane. 

The above set forth and other features of the invention are made more apparent in the ensuing Detailed 
Description of the Invention when read in conjunction with the attached drawings, wherein: 
40 Fig. 1a is a block diagram of a raster graphics system suitable for use in practicing the 

invention; 

Fig. 1b is a block diagram of the graphics buffer of Fig. 1a that implements the method 

of the invention; 

Figs. 2a, 2b, and 2c illustrate a prior art technique for clipping a bounded solid, wherein Fig. 2a 
45 shows the solid before clipping, Fig. 2b shows the solid after clipping, and Fig. 

2c shows the resulting image of the clipped solid; 
Figs. 3a, 3b, and 3c illustrate the result of the solid clipping method of the invention when clipping a 

bounded solid, wherein Fig. 3a shows the solid before clipping, Fig. 3b shows 

the solid after clipping, and Fig. 3c shows the resulting image of the clipped 
so solid, wherein the back face B is not seen; 

Figs. 4a and 4b illustrate the determination of odd and even parity of faces behind a clipping 

plane, wherein Fig. 4a shows a solid before clipping and Fig. 4b shows the solid 

after clipping; 

Figs. 5a and 5b illustrate the determination of odd and even parity of faces in front of a clipping 

55 plane, wherein Fig. 5a shows a solid before clipping and Fig. 5b shows the solid 

after clipping; 

Figs. 6a and 6b illustrate the determination of odd and even parity of faces in front of a clipping 

plane, as in Figs. 5a and 5b, and further show, in Fig. 6b, the result obtained 
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after clipping and projecting the volume of the solid in front of the clipping plane 
back onto the clipping plane; 
Figs. 7a-7d illustrate the clipping of a solid in accordance with a method of the invention, 

wherein Fig. 7a illustrates a scene in world coordinates, Fig. 7b illustrates the 
5 scene after projection onto the clipping plane, Fig. 7c illustrates the contents of 

buffers and a parity buffer after a first pass of the method, and Fig. 7d illustrates 
the contents of the buffers and a cross-section of the solid after a second pass 
of the method; 

Fig. 8a depicts a solid described as the intersection of solids A and B, while Fig. 8b 

10 shows a projection of the solids A and B onto a clipping plane, the projection 

having a zero volume; 

Fig. 9 is a flowchart depicting an embodiment of the method of the invention; 

Fig. 10 shows a solid intersected by two clipping planes; and 

Fig. 11 shows a solid having a clipping surface or "patch". 

75 A raster graphics system 10, as illustrated in Fig. 1a, includes a main (Host) processor 12 and a 
~ graphics subsystem 14. The Host processor 12 executes an application program and dispatches graphics 
sr tasks to the graphics subsystem 1 4. * 

The graphics subsystem 14 includes several components that perform operations necessary to prepare 
geometric entities for display on a raster display device 16. For the purposes of describing the invention, a 
20 model of the graphics subsystem 14 is employed that contains the following functional units. It should be 
realized that this particular model is not to be construed in a limiting sense upon the practice of the 
invention. 

A Geometric Processing unit 18 performs geometric and perspective transformations, as well as 
clipping against screen (window) boundaries. The resulting graphics primitives, e.g. vertices, lines, triangles, 
25 etc., are described in screen space coordinates. 

A Scan Conversion (Rasterization) unit 20 breaks down the graphics primitives into raster information, 
i.e. a description of display screen pixels that are covered by the graphics primitives. 

A Graphics Buffer unit 22 receives and stores the pixels, or display screen picture elements. 
A Display unit 24 receives pixels from the Graphics Buffer unit 22 and transforms these pixels into 
30 information displayed on the output device 16, typically a raster screen. 

This invention specifically concerns, and provides novel methods and apparatus for, the Graphics Buffer 
22. More specifically, this invention provides a method for clipping solid objects described by their 
bounding surfaces. At each pixel, the method distinguishes between points on a surface of a solid and 
points interior to the solid, and that lie on a front clipping plane. 
35 Several embodiments of the invention are now described. Also described is the use of hardware 
support for front and back clipping planes, and the support of arbitrarily shaped, possibly non-planar, front 
and back clipping surfaces. 

For the purposes of describing the invention it is assumed that solids are described as polyhedra, i.e. 
by their bounding polygons. Each of the polygons is represented as an ordered list of vertices. However, 
40 the invention is not limited to only bounding polygons. That is, the boundaries of a solid can be of arbitrary 
type, such as algebraic surfaces, B-spline surfaces, NURBS surfaces, voxel surfaces, etc. That is, the 
described method is independent of the type of surfaces bounding the solid. For simplicity, it will be 
assumed that the solid is bounded by planar polygons, i.e. the solid is a polyhedron. Also, the method is 
generally described in the context of a front clipping plane that is perpendicular to the depth, or z-axis. 
45 However, and as will be made apparent, the method is also well suited to clip against arbitrarily shaped 
clipping planes having any orientation to the z-axis, and with combinations of clipping planes that define 
complex clipping surfaces. 

Furthermore, the term "solid" or "solid object", as employed herein, is intended to encompass objects 
that are completely filled with material, such as a ball bearing, and also objects that are only partially filled 
50 with material, such as an engine block or a pocket watch. 
A first embodiment of the invention is now described. 

Standard hardware rendering architectures provide a capability to define front and back clipping planes 
against which objects to be rendered are trimmed. Those portions of objects behind the front clipping plane 
and in front of the back clipping plane are written into pixel buffers for color and depth. 
55 At each pixel that projects onto a particular solid, the method of the invention maintains a record of the 
parity of the number of faces rendered for the solid. As illustrated in Figs. 4a and 4b, the parity is even 
where the clipping plane does not intersect the solid. Conversely, the parity is odd where the clipping plane 
intersects the solid and thus produces a cross section through the solid. 
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That is, in the example of Fig. 4b, for pixel (P1) two faces (A and C) of the solid lie behind the pixel 
(along the z-axis), and the parity of P1 is even. For pixel P2, only one face (C) of the solid lies behind the 
pixel, and the parity of P2 is odd- In general, if an odd number of faces lie behind a pixel the parity of the 
pixel is odd, and if an even number of faces lie behind a pixel, the parity of the pixel is even. 

It is noted that commonly assigned U.S. Patent Application S.N. 07/672,058, filed March 12, 1991, 
entitled "Direct Display of CSG Expression by the Use of Depth Buffers", by David A. Epstein, Jaroslaw R. 
Rossignac, and Jeffrey W. Wu describes the use of a front-facing flag in the context of a depth interval 
buffer. The front-facing flag is used to indicate the parity of points and to determine if a particular point lies 
inside of or outside of a primitive. 

After all solids have been rendered during a first pass, the method of the invention paints those pixels 
having an odd parity, i.e. pixels showing a cross-section surface, with a selected color and/or pattern of the 
cross-section surface. The effect of this operation is shown in Figs. 3a, 3b, and 3c. 

Fig. 3a shows a solid having a front surface A and rear surfaces B and C. Points on surface A project 
onto pixels that are viewed by a viewer. Each pixel that projects onto a point on surface A has at least one 
display characteristic, such as color, and also a depth associated therewith. The depth is measured along 
the z-axis and referenced to a viewing plane. In rendering these pixels lighting and other visual consider- 
ations may ~be taken into account. Fig. 3b shows the. effeqLof a clipping plane that crossrsections the solid. 
Fig. 3c shows the solid as it appears to the viewer when "displayed in accordance with the invention. A 
comparison of Fig. 3c to Fig. 2c shows that the visually confusing display of the rear faces B and C is 
eliminated in Fig. 3c. Instead, the viewer is presented with a surface (D) that accurately represents the 
material that is interior to the solid. If the solid contains any internal structure or voids, intersected by the 
clipping plane, these are also accurately rendered. 

The following pseudo-code, in conjunction with the flowchart of Fig. 9, describes this technique. 
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/* 

* SOLID CLIPPING: 

* The position of solids is not restricted to 
z -buffer depth range, 

* 

* 'zbuffer 1 and 'cbuffer' store the depth and the 
color at each pixel 

* 'parity* is a bit plane for storing the parity 
of the number of faces projected onto a particular 
pixel, 

* 'zfrbnt* and 1 zback* give the depth of the front 

and back clipping plane at each pixel* 

20 * 

* 'FCP 1 and f BCP f store the depth of the hardware 

front and back clipping planes 

*/ 
/* 

* Initialization 
*/ 

FORALL pixels (X,y) DO 
{ 

zbuffer(x,y) = zback ; 
cbuffer(x,y) = cback ; 
parity <x,y) = 0; 

} 

40 
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FCP = 2 front ; 
BCP = INFINITY ; 
FORALL solids s Do 
} 

CLEAR_BBX ;/* A bounding box encloses all 

pixels where the parity bit is changed ♦ */ 

/* 

* Render all solids using the 

front and back clipping planes FCP and BCP, 
respectively . 

*/ i;.^ 

FORALL faces f of s DO 

FORALL pixels (x r y) of f DO 

/* The following operation may be hardware 

supported */ 
IF (FCP < z(x,y)) 
{ 

if (z(x,y) < zbuf f er(x,y) ) 
{ zbuffer(x,y) = z<x,y) ; 
cbuffer(x # y) = c(x,y) ; 

} 

parity(x,y) = !parity(x,y) ; 
UPDATE_BBX ( x , y ) ; 

> 

/* 

* Assign a color to the pixels that contain 

cross-sections and update the z-buf fer at 
those pixels. 

*/ 

FORALL pixels (x,y) in bounding box DO 
IF (parity(x,y) ) 
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{ . 
cbuffer(x,y) = color_of_cross_section(s) ; 
zbuffer(x,y) = zfront ; 

5 

parity(x,y) = 0 ; /* Reset parity to avoid 
reinitialization for the next solid. */ 

} 

} 

For this method, the back clipping plane should not intersect any of the displayed solids. For example, the 
back clipping plane can be temporarily positioned behind the farthest solid by setting it to INFINITY, as 
75 shown above. 

Referring now to Fig. 1b there is shown an embodiment of the graphics buffer 22 that is suitable for 
implementing the method described above. The graphics buffer 22 includes, a, processor 32 that is 
bidirectionally coupled by a bus 34 to a plurality of storage locations. These storage locations include a 
zbuffer (depth) 36, a cbuffer (color) 38, and a parity buffer 40. Each of these buffers includes storage for a 

20 plurality of pixels. For example, if the display device displays 1024 X 1024 pixels, then there are provided 
up to 10 6 zbuffers 36, 10 6 cbuffers 38, and 10 6 parity buffers 40. These buffers are typically implemented 
as planes of memory devices, such as dynamic RAMs. Also coupled to the processor 32 by the bus 34 is a 
storage device 42 that stores the variables utilized by the method described above. These variables include 
cback, FCP, and BCP. Storage is also provided for the bounding box (BBX), which includes registers for 

25 defining the left, right, top, and bottom pixel coordinates for a region of interest. For the methods of the 
invention the region of interest encompasses those pixels wherein the parity of pixels is changed, some of 
these pixels projecting onto an interior surface of the solid that is coplanar with and adjacent to the clipping 
plane. Also coupled to the processor 32 is a host bus 30 that provides initialization and other information for 
executing the methods of the invention. The processor 32 receives pixels from the scan conversion unit 20 

30 and, after processing same in accordance with the methods of the invention, provides pixels to the display 
24. As such, the processor 32 includes an instruction memory 32a that contains instructions for executing 
the method of the invention. For some embodiments of the invention a zfront buffer 44 and a zback buffer 
46 may also be provided, as described below. 

Another suitable embodiment for the graphics buffer 22 is disclosed in commonly assigned and 

35 copending U.S. patent application S.N. 07/813,318, filed 24 December 1991, entitled "An Extendable 
Multiple Image-Buffer for Graphics Systems" by Bengt-Olaf Schneider. 

It should be noted that, for the example described thus far, separate buffers (zfront 44 and zback 46) 
are not required to be assigned for storing the front and back clipping planes, in that the clipping planes are 
normal to the z-axis and thus have a uniform and constant depth across the entire screen. As such, the 

40 pseudocode described above assigns zfront to FCP, the register that controls the hardware clipping. 
However, for other embodiments described below, wherein the clipping plane or clipping surface does not 
have a uniform depth, the buffers zfront 44 and zback 46 are assigned for storing the depth of the clipping 
plane or clipping surface at a plurality of points. 

At each pixel, the above described embodiment of the Solid Clipping method determines the parity of 

45 all faces of a solid that are behind the front clipping plane, in order to obtain the correct parity, this requires 
that no faces are clipped by the back clipping plane. 

This constraint may be overcome by determining the parity of the number of faces in front of the front 
clipping plane, as illustrated in Fig. 4. 

The following pseudo-code employs hardware supported clipping against front and back clipping 

so planes. In a first pass, solids are scanned to identify pixels that show a cross-section. In a second pass, the 
solids are scanned again to render those pixels that are outside of cross-sections. 
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SOLID CLIPPING METHOD 2 

The position of solids is not restricted to 
z -buffer depth range. 

1 zbuffer 1 and 'cbuffer 1 store the depth and the 

color at each pixel. 
•parity 1 is a bit plane for storing the parity 

of the number of faces projected onto a 

particular pixel. 

1 zfront 1 and 1 zback 1 give the depth of the front 
and back clipping planes at each pixel. 

'FCP 1 and 'BCP' store the depth of the front and 
back clipping planes. 

/ 
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/* 

* Initialization 
*/ 

FORALL pixels (x,y) DO 
{ 

zbuffer(x,y) = zback ; 
cbuffer(x,y) = cback ; 
parity (x,y) = 0 ; 

} 

FCP = -INFINITY ; /* • • • or any z -value in front of 

every solid */ 
BCP = zfront ; 
/* 

* PASS 1: Render all solids and determine for each 

pixel the parity of the number of faces 
in front of 1 zfront 1 . 

FORALL solids s DO 
{ 

CLEARJBBX ; /* The bounding box encloses all 

pixels where the parity bit is 
changed. */ 
FORALL faces f in s DO 

FORALL pixels (x f y) covered by f DO 

/* The following operation may be hardware 

supported */ 
IF (FCP < z(x,y) <=BCP) 
{ 

parity(x,y) = !parity(x,y) ; 
UPDATE_BBX(x,y) ; 

} 
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FORALL pixels (x,y) in bounding box DO 
IF (parity(x,y) ) 
{ 

cbuffer(x,y) = color_of_cross_ section(s) ; 
zbuffer(x,y) = zfront ; 

parity(x f y) = 0 ; /* Reset parity to avoid 

reinitialization for the 
next solid* */ 

} 

} 

* PASS 2: Render all solids and draw pixels that 
are behind 'zfront 1 and in front of 
' zback 1 • 

*/ 

FCP = zfront ; 
BCP = zback ; 
FORALL solids s DO 
FORALL faces f in s DO 

FORALL pixels (x,y) covered by f DO 

/* The following operation may be hardware 

supported */ 
IF (FCP < z(x,y) <= BCP) 
IF (z(x,y) < zbuffer(x,y) ) 
{ 

zbuffer(x,y) = z(x,y) ; 
cbuffer(x,y) = c(x,y) ; 

} 



45 This second embodiment of the Solid Clipping method employs two passes through the solids. This method 
classifies points on the surface of the solids as being in front of or behind the front clipping plane. 

However, instead of constructing two sets of surface points in image space, as is done in the second 
embodiment of the method, object space techniques may be employed to classify surfaces as to whether 
they are in front of or behind the front clipping plane. As seen in Fig. 6a, a polygon is decomposed into 

so parts that are inside the clipping volume, and parts that are outside of the clipping volume. Those parts 
inside the clipping volume, i.e. behind the front clipping plane or in front of a back clipping plane, are 
treated in a conventional fashion. That is, the "inside" parts are displayed using standard techniques for 
scan-conversion and shading. However, instead of removing the "outside" parts in front of the front clipping 
plane, the outside parts are instead projected or collapsed along the z-axis onto the front clipping plane, as 

55 seen in Fig. 6b. This operation produces a deformed version of the polyhedron which may have overlapping 
faces coplanar with the front clipping plane. The result is that surfaces that are outside of the clipping plane 
are collapsed into a zero volume region that is coincident with the clipping plane. 
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The boundary of this polyhedron has the following two properties. First, the boundary is a closed two- 
cycle. Second, for a particular pixel, N is defined to be a number of surfaces projected onto the clipping 
plane. As a result, a pixel is considered to be in the cross-section of the clipping plane with the solid, if N is 
odd, and a pixel is considered to be outside the cross-section, if N is even. 

The first property of the new polyhedron ensures that the back faces are never displayed. The second 
property provides a criterion to identify those pixels where the projected portions of the original polygons 
should be displayed. The image of the cross-section is obtained only for those pixels on the front clipping 
plane where the number of projected surfaces (N) is odd. 

The projection operation is useful because typical scan conversion techniques have a limited range of 
depth (z). The projection is obtained by replacing the z-coordinate of each vertex of the clipped portions 
with the depth (z-coordinate) of the front clipping plane, thereby effectively collapsing these surfaces onto 
the front clipping plane. 

One advantage of this technique is that every solid (and its faces) need be processed only once. 
However, this is achieved by providing additional memory for storing the set of faces that lie in front of the 
clipping plane. 

The method of this third embodiment is described by the following pseudo-code. 



/* 



* SOLID CLIPPING: 



METHOD 3 



* The position of solids is not 
z -buffer depth range. 



restricted to 



* 



* 1 zbuffer 1 and 'cbuffer 1 store the depth 

and the color at each pixel. 

* 'parity' is a bit plane for storing the parity 



of the number of faces projected onto a 
particular pixel* 



13 



0548629 A2 I > 



EP 0 548 629 A2 



* ' zfront 1 and f zback* give the depth of the front 

and back clipping plane at each pixel. 

*/ 
/* 

* Initialization 
*/ 

FORALL pixels (x,y) DO 
{ 

zbuffer(x,y) = zback ; 
cbuffer(x,y) = cback ; 
parity(x,y) = 0 ; 

} 

FORALL solids s DO 
} 

/* 

* Preprocess all surfaces in object space 
*/ 

FORALL faces f of s DO 
{ 

CLIP f against the clipping plane and store the 
results in two sets of polygons f front and 
fin ; 

PROJECT all objects in f front along the z-axis on 
the front clipping plane ; 

} 

CLEARJBBX ; /* The bounding box encloses all pixels 
where the parity bit has been changed. */ 

/* 

* Render all primitives into the z -buffer and 

* determine the location of cross-sections. 
*/ 



\4 
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FORALL faces f in f front DO 

FORALL pixels (x,y) covered by f DO 
IF (z(x,y) <= zfront) 
{ 

parity(x,y) = lparity(x,y) ; 
UPDATE_BBX ( x , y ) ; 

} 

FORALL faces f in fin DO 

FORALL pixels (x,y) covered by f DO 
IF (z(x,y) < zbuf f er(x,y) ) 
{ . 
zbuffer(x,y) = z(x,y) 
2 o cbuffer(x,y) = c(x,y) 

} 

/* 

* Assign a color to the pixels that contain 

* cross-sections and update the z-buf fer at 
those pixels* 

*/ 

FORALL pixels (x,y) in bounding box DO 
IF (parity (x,y) ) 
{ 

cbuffer(x,y) = color_of_cross_section( s) ; 
zbuffer(x,y) = zfront ; 

parity (x,y) = 0 ; /* Reset parity to avoid 

reinitialization for the 
next solid. */ 

> 



25 



30 



35 



40 



45 



} 



This third embodiment of the Solid Clipping method is applicable to all z-axis positions of the clipping 
planes. That is, even if the clipping planes are positioned at z = 0 and z = zmax, i.e. delimiting the available 
depth range, the method operates correctly. 

so For this third embodiment, it is assumed that geometry preprocessing, i.e. transformation and clipping, 
are accomplished by the geometric processing unit 1 8 with a larger depth range using; by example, floating 
point, and can thus accommodate coordinates that are outside of the (integer) depth range of the zbuffer 36 
and the scan-conversion processor 20. The preprocessor thus ensures that all objects are mapped into the 
depth range 0 < = z < = zrnax. As a result, the scan-conversion process always generates valid depth 

55 values. 

If all solids are entirely inside the depth range of the z-buffer, the steps for clipping and projecting the 
primitives can be omitted. These steps are done "on-the-fly" by the Solid Clipping method illustrated in Fig. 
7a-7d during the first pass described in the following pseudo-code. This embodiment also demonstrates 
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how the method is adapted to non-planar clipping surfaces, or to clipping planes that are not perpendicular 
to the z-axis. The clipping surfaces may be described as functions that take the pixel coordinates as an 
argument, e.g. 'zfrontCx.y)'. For each pixel, the function returns the depth of the clipping plane at that pixel. 
This function can be specified either explicitly, e.g. as a plane equation for tilted clipping planes, or 
discretized. In the latter case the buffer zfront 44 of Fig. 1b stores the depth of the front clipping surface at 
each pixel. This latter alternative is useful if the clipping surface is complex and therefore difficult to 
implement in hardware. 

/* 

* SOLID CLIPPING: METHOD 4 

* All solids lie within the z-buffer depth range. 

Complex clipping surfaces. 

* 

* 'zbuffer' and 1 cbuffer 1 are storing the depth 

and the color at each pixel. 

* 1 parity 1 is a bit plane for storing the parity 

of the number of faces projected onto a 
particular pixel. 

* 

* 'zfront 1 and f zback f give the depth of the front 

and back clipping planes at each pixel. 
They may be implemented as a constant, a 
function, or as the two buffers 44 and 46 
that define the shape of these clipping 
surfaces. 

*/ 

FORALL pixels (x,y) DO 
{ 

zbuffer(x,y) = zback(x,y) ; 
cbuffer(x,y) = cback(x,y) ; 
parity (x,y) = 0 ; 

} 

FORALL solids s DO 
{ 

CLEAR_BBX ; /* The bounding box encloses all 
pixels where the parity bit is changed. */ 
/* PASS 1: Render all primitives into the z-buffer 

and determine the location of 

cross-sections . */ 
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FORALL faces f of s DO 

FORALL pixels (x,y) covered by f DO 
IF (z(x,y) <= zfront(x,y)) 
{ 

parity(x,y) = !parity(x,y) ; 
UPD ATE_ BBX ( X , y ) ; 

} 

ELSE IF (z(x f y) < zbuf fer(x,y) ) 
{ 

zbuffer(x,y) = z(x,y) ; 
cbuff&r(x,y) = c(x,y) ; 

} 

20 /* PASS 2: Assign a color to the pixels that 

contain cross-sections and update the 
z-buffer at those pixels. */ 
FORALL pixels (x,y) in bounding box DO 
IF (parity(x,y) ) 
{ 

cbuffer(x,y) = color_of_cross_section( s) ; 
zbuffer(x,y) = zfront(x,y) ; 
parity(x,y) = 0 ; /* Reset parity to avoid 

reinitialization for the 
35 next solid. */ 

} 

} 

40 

The various embodiments of the Solid Clipping method presented above can be extended to accomplish 
the following results. 

The cross-section of the clipping plane, with the complement of all solids, or only certain solids, may be 
displayed. This is advantageous to "look ahead" while inspecting large and complex scenes. In this mode, 
45 the interior of a solid is displayed where the cross-section was shown by the Solid Clipping method 
described above. 

That is, by initializing the parity per pixel to odd (1) instead of even (0), every pixel outside of a cross- 
section will eventually be determined to have odd parity and will therefore be considered to be a cross- 
section. On the other hand, every pixel lying inside an actual cross-section will be rendered without the 

so predefined cross-section surface characteristic. The result is an "inverted" image that displays all portions 
of the image in a predefined color, e.g., black. Portions where the clipping plane intersects solids are 
displayed as "windows" into the solid which enables a viewer to "look-ahead" through the solid. An 
advantage to this approach is that the viewer is not confused as to whether a face is an interior face of a 
solid, and revealed by the clipping operation, or whether the face is on the surface of the solid. 

55 Auxiliary surfaces, e.g. interior surfaces or dangling surfaces, are displayed and examined by represent- 
ing those surfaces twice in a graphics data base maintained by the Host processor 12. This ensures that the 
parity for these surfaces is even, and does not corrupt the parity of the solid they are contributing to. 



30 
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Additional clipping planes, e.g. for delimiting the clipping volume at the sides, the top, or the bottom 
(also known as the window boundaries), may be accounted for before or after the execution of the Solid 
Clipping method. With respect to hardware support offered by available workstation architectures, it is 
preferred to perform the window clipping before the Solid Clipping. 
5 Then, the remaining solids are subjected to the Solid Clipping method of the invention. 

In regard to system hardware requirements for implementing the methods of the invention, in addition to 
a standard frame buffer (for colors), and a z-buffer (for depth values), only one extra bit per pixel, for the 
parity, is required. 

Many solid modellers represent solids by their enclosing surfaces (boundary representation). Such 
10 modellers can take advantage of the Solid Clipping method for displaying cross-sections through solids. 

As an example of the utility of the invention, one application that may benefit from the teaching of the 
invention is known as the Trickle Algorithm. The Trickle Algorithm is described by David A. Epstein, 
Frederik W. Jansen, and Jaroslaw R. Rossignac in "Z-Buffer Rendering From CSG: The Trickle Algorithm 
Technical Report RC 15182, IBM Research Division, T.J. Watson Research Center, Yorktown Heights, NY, 
75 November 1989, and by J. Rossignac and Jeffrey Wu, "Correct Shading of Regularized CSG Solids Using a 
Depth-Interval Buffer", Proceedings of the ^Eurographics Workshop on Graphics Hardware, 1990, Eurog- 
raphics, September 1990. In general, the Trickle Algorithm enables the" display of Constructive Solid 
Geometry (CSG) objects on a raster display without converting the object to its boundary representation. 
CSG describes solids as the boolean union, intersection and difference of primitive solids, e.g. half spaces, 
20 spheres, cylinders, etc. 

The global algorithm proceeds as follows: 

1. The CSG expression is transformed into a sum-of-products form that represents the object as the 
union of sub-objects that are constructed as the intersection of primitive objects. 

2. Each of the products is scan-converted into a product buffer (P-Buffer). After the image of a product 
25 has been completely rendered into the P-Buffer ( the P-Buffer contains the visible front faces of the 

product. This image is merged into a union-buffer (U-Buffer), using a z-buffer. 
The following pseudo-code describes these two steps: 
transform the object into a sum-of-products form 
initialize the U-Buffer 

30 for each product do: 

compute the front pixels into the P-Buffer merge the result into the U-Buffer using a depth buffer 
The computation of the visible front pixels of a product is a more complicated procedure. The main idea is 
that the visible surface points of a product are on the front surface of the closest, front-facing surface that 
lies inside all other primitives. Finding that surface requires two buffers. 

35 The first buffer is the P-Buffer that eventually holds the product's image. While the algorithm is in 
process, it stores, in the P-Buffer, the closest, front-facing points found thus far. The second buffer, a search 
buffer (S-Buffer), is used to search for front-facing surfaces that lie behind the surface stored in the P- 
Buffer. If such a surface is found, it replaces the surface stored in the P-Buffer. This causes the P-Buffer to 
advance, or "trickle", through the scene from front to back. The following pseudo-code details this 

40 technique. 

initialize the P-Buffer to the background 

while not done, circulate through the primitives of the produce and do: 

compute into the S-Buffer the next face that lies behind the P-Buffer 

at pixels where the next primitive face is front-facing do: 
45 copy the S-Buffer into the P-Buffer 

This description of the Trickle Algorithm is translated into appropriate code for execution by the Host 
processor 1 2. 

While rendering, the Trickle Algorithm performs a regularization of the solid. By regularization, it is 
meant that non-manifold portions of the solid, e.g. dangling edges, dangling surfaces, or zero-volume 

so portions of the solid are not displayed. Using this property, the Solid Clipping method of the invention is 
utilized in conjunction with the Trickle Algorithm. By projecting the surfaces outside of the clipping volume 
onto the clipped surface, the Solid Clipping method generates zero-volume portions of the solid outside of 
the cross-section area. Figs. 8a and 8b provide an example. In Fig. 8a there is shown a solid C (cross- 
hatched) that is described as the intersection of solids A and B. In Fig. 8b there are shown the projected 

55 solids, with the region in front of the clipping plane having zero volume. This zero volume portion is 
automatically removed during the operation of the Trickle Algorithm and is thus not displayed. 

Having described the solid clipping method of the invention, and having provided several exemplary 
applications thereof, further variations and extensions thereof are now described. 
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In many cases, it may be helpful to cut away a wedge shaped region of the object instead of slicing it 
with a plane, as shown in Fig. 10. The scene minus the wedge shaped region can be expressed as the 
union of two halfspaces. To compose the image, draw the scene using the first clipping plane, and then, 
without clearing the z-buffer, render the second scene over the first. This has the effect of taking the union 
5 of the two scenes. As many clipping planes as desired can be unioned together in this way; however, the 
scene must be redrawn for each clipping plane. The following pseudo-code illustrates this technique. 



Solid clipping with multiple clipping planes: 

set frame buffer to background; 

set z-buffer to zmax; 

for each clipping plane do 

{ 

set clipping plane to desired locations; 
for each solid do 



Clipping surfaces such as parametric patches may be useful to 'probe' an object. This is illustrated in Fig. 
11. However, to clip each polygon against the patch, geometrically, is computationally expensive. As a 
result, the z-buffer 36 is used to clip each polygon, in conjunction with an additional z-buffer that is not 
shown in Fig. 1b. In this implementation, first scan convert the patch, then change the comparison function 
35 of the z-buffer 36 to accept the nearest pixels which are farther from the viewer than this surface, and then 
scan-convert the scene. This limits the clipping surface to patches that do not overlap themselves, from the 
viewpoint of the eye, and uses a double z-comparison test. The following pseudocode illustrates this 
technique. 



} 



20 



25 



render using the solid clipping method but 
without clearing the z-buffer and frame buffer; 
> 

} 



30 



40 



45 
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solid clipping with surface patches: 
set frame buffer to background; 
set z-bufferl and z -buffer 2 to max; 
render surface patch into z-bufferl; 
for each solid do 
{ 

set parity bitplane to 0; 
for each polygon in solid do 

{ 

draw polygon to frame buffer if z > 
z-bufferl and z < z-buffer 2; 

invert pixels in parity plane if z > 

zbuf f erl ; 

} 



draw clipping surface using the parity 
bitplane as a mask so that only the regions 
where the parity is odd are written to the 
frame buffer and to the z-buffer; 

} 



35 In the previous description, the clipping plane was approximated by drawing a large polygon. Since this 
potentially scan converts a much larger area of pixels than is required, it may not be the most efficient 
technique. What is desired is a polygon, on the clipping plane, whose projection covers as efficiently as 
possible the pixels which are set in the parity buffer 40. If a bounding box is set around the pixels that are 
set in the parity buffer 40, or alternatively, a bounding box is set around the projection of the solid, then 

40 fewer pixels are required to be scan converted. For a scene with many small solids, this provides a 
significant savings in computational effort. To draw the cross-section, z-values must be correctly interpo- 
lated across the face of the cross-section. As a result, it becomes necessary to project a two-dimensional 
bounding box onto the surface of the clipping plane. 

The following pseudo-code illustrates the use of bounding boxes. 

45 

solid clipping with bound boxes: 
set frame buffer to background; 
so set z-buffer to zmax; 

set union bitplane to 0; 
initialize bound box; 
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20 
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30 



35 



40 



set clipping plane to desired location; 

for each solid do 

{ 

set parity bitplane to 0; 
for each polygon in solid do 
{ 

clip polygon to halfspace defined by clipping 
plane ; 

expand bounding box to enclose polygon; 
draw polygon and invert the parity bit for each 
pixel which is scan-converted regardless of the 
z-buffer test; 

} 

project bounding box onto clipping plane to find a 
polygon which overlaps the cross -section region; 
draw computed clipping plane polygon using the parity 
bitplane and the union bitplane as a mask so that only 
the regions where the parity is odd and the union 
bitplane is not set are written to the frame buffer and 
to the z-buffer; 

where parity = 1, set union bitplane to 1; 
} 



While the invention has been particularly shown and described with respect to preferred embodiments 
thereof, it will be understood by those skilled in the art that changes in form and details may be made 
therein without departing from the scope and spirit of the invention. 



Claims 



1. A method for processing pixels to display a cross-sectioned image of a solid object, comprising the 
steps of: 

45 for each pixel that projects onto the solid object, 

determining, as a function of a depth of a clipping plane at a pixel, a parity of the pixel; and 
for each pixel determined to have a predetermined type of parity, 

displaying the pixel with a visual characteristic selected to indicate that the pixel is a pixel that projects 
onto material that is within an interior region of the solid object. 

50 

2. A method as set forth in Claim 1 wherein the clipping plane is a front clipping plane, and wherein the 
step of determining a parity of a pixel includes a step of maintaining a record of a number of faces of 
the solid object that are traversed by a projection of the pixel, the faces being behind the front clipping 
plane, said step of maintaining preferably comprising a step of generating a record of pixel coordinates 

55 of pixels that bound a region of the solid object and that lie behind the front clipping plane. 

3- A method as set forth in claim 1 or 2 wherein the predetermined type of parity is odd parity, and 
wherein a pixel is determined to have odd parity if an odd number of faces of the solid object are 
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traversed by the projection of the pixel. 

4. A method according to any one of claims 1 to 3 and comprising an initial step of collapsing, onto the 
clipping plane, any portion of the solid object that extends beyond the clipping plane. 

5 

5- A method for processing pixels to display a cross-sectioned image of a solid object, comprising the 
steps of: 

for each pixel that projects onto a face of the solid object, and for each face of the solid object, 
initializing a parity flag of the pixel to a first parity indication; 
70 comparing a depth of the pixel to a depth of a front clipping plane at the pixel; 
if the depth of the pixel is greater than the depth of the front clipping plane, 
storing the pixel into a pixel buffer means; 

changing the parity flag of the pixel to an opposite parity condition; and 
after processing each pixel, and for all pixels having a predetermined parity flag value, 
75 setting, within the pixel buffer means, a pixel display characteristic to be equal to a predetermined 
characteristic selected to indicate that the pixel projects onto material within an interior region of the 
solidnobject; and . , tJ * a 

setting, within the pixel buffer means, the depth of the pixel to be equal to the depth of the front 
clipping plane, 

20 wherein said predetermined parity flag value preferably is odd, 

said step of changing preferably comprising a step of generating a record of pixels that bound a region 
of the solid object and that have a depth greater than the depth of the front clipping plane, and 
said step of setting a pixel display characteristic preferably comprising an initial step of determining, for 
each pixel within the record, if the parity flag of the pixel is even or odd, and wherein the steps of 

25 setting are executed only for those pixels that are determined to have an odd parity flag. 

6. A method for processing pixels to display a cross-sectioned image of a solid object, comprising the 
steps of: 

during a first pass, and for each pixel that projects onto a face of the solid object, and for each face of 
30 the solid object, 

initializing a parity flag of the pixel to a first parity indication; 

comparing a depth of the pixel to a depth of a front clipping plane at the pixel; 

if the depth of the pixel is less than or equal to the depth of the front clipping plane, 

setting, within a pixel buffer means, a pixel display characteristic to be equal to a predetermined 
35 characteristic selected to indicate that the pixel projects onto material within an interior region of the 

solid object; and 

setting, within the pixel buffer means, the depth of the pixel to be equal to the depth of the front 
clipping plane; and 

during a second pass, and for each pixel that projects onto a face of the solid object, and for each face 
40 of the solid object, 

comparing a depth of the pixel to a depth of a front clipping plane at the pixel and to a depth of a back 
clipping plane at the pixel; 

if the depth of the pixel is greater than the depth of the front clipping plane and less than or equal to 
the depth of the back clipping plane, 
45 setting, within the pixel buffer means, a pixel display characteristic to be equal to a predetermined 

characteristic selected to indicate an exterior surface of the solid object; and 
setting, within the pixel buffer means, the depth of the pixel. 

7. A method for processing pixels to display a cross-sectioned image of a solid object, comprising the 
so steps of: 

for each pixel that projects onto a face of the solid object, and for each face of the solid object, 

initializing a parity flag of the pixel to a first parity indication; 

initializing a depth of a front clipping plane to lie in front of the solid object; 

initializing a depth of a back clipping plane to be equal to a first depth originally associated with the 
55 front clipping plane; 

comparing a depth of the pixel to the depth of a back clipping plane at the pixel; 
if the depth of the pixel is less than or equal to the depth of the back clipping plane, 
changing the parity flag of the pixel to an opposite parity condition; and 
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after processing each pixel, and for all pixels having a predetermined parity flag value, 
setting, within a pixel buffer means, a pixel display characteristic to be equal to a predetermined 
characteristic selected to indicate that the pixel projects onto material within an interior region of the 
solid object; and 

setting, within the pixel buffer means, the depth of the pixel to be equal to the first depth of the front 
clipping plane; 

reinitializing the depth of the front clipping plane to be equal to the first depth of the front clipping 
plane; 

reinitializing the depth of the back clipping plane to be equal to a second depth originally associated 
with the back clipping plane; and 

for each pixel that projects onto a face of the solid object, and for each face of the solid object, 
comparing a depth of the pixel to the depth of the front clipping plane at the pixel and to the depth of 
the back clipping plane at the pixel; 

if the depth of the pixel is greater than the depth of the front clipping plane and less than or equal to 
the depth of the back clipping plane, 

setting, within the pixel buffer means, a pixel display characteristic to be equal to a predetermined 
characteristic selected to indicate an exterior surface of the solid object; and •? . i 

setting, within the pixel buffer means, the depth of the pixel. 

A method for processing pixels to display a cross-sectioned image of a solid object, comprising the 
steps of: 

initializing a parity flag for each pixel to a first parity indication; 

preprocessing all faces of the solid object to determine those faces that lie in front of a front clipping 
plane and those faces that lie behind the front clipping plane; and 

projecting onto the front clipping plane, along a z-axis, all faces that extend in front of the front clipping 
plane; 

for all pixels that project onto faces that extend in front of the front clipping plane, 

comparing a depth of each pixel to a depth of the front clipping plane at each pixel and, for each pixel 

having a depth that is less than or equal to a depth of the front clipping plane; 

changing the parity flag of the pixel to an opposite parity condition; 

for all pixels that project onto faces that are behind the front clipping plane, 

comparing a depth of each pixel to a depth of a back clipping plane at each pixel and, for each pixel 
having a depth that is less than the depth of the back clipping plane; 

setting, within a pixel buffer means, a pixel display characteristic to be equal to a predetermined 
characteristic selected to indicate an exterior surface of the solid object; and 
setting, within the pixel buffer means, the depth of the pixel; and 
for all pixels determined to have a predetermined parity flag value, 

setting, within the pixel buffer means, a pixel display characteristic to be equal to a predetermined 
characteristic selected to indicate that the pixel projects onto material within an interior region of the 
solid object; and 

setting, within the pixel buffer means, the depth of the pixel to be equal to the depth of the front 
clipping plane, 

said step of projecting preferably comprising a step of replacing a depth of the pixel with a depth of the 
front clipping plane and 

said step of changing the parity flag of the pixel to an opposite parity condition preferably comprising a 
step of generating a bounding box of pixel coordinates for maintaining a record of pixels that bound a 
region of the solid object and that have a depth equal to or less than the depth of the front clipping 
plane, and wherein the steps of setting preferably occur only for those pixels determined to be within 
the region. 

A method for processing pixels to display a cross-sectioned image of a solid object, comprising the 
steps of: 

initializing a parity flag for each pixel to a first parity indication; 

for each pixel that projects onto a face of the solid object, and for each face of the solid object, 

comparing a depth of the pixel to a depth of a front clipping plane at the pixel; 

if the depth of the pixel is equal to or less than the depth of the front clipping plane at that pixel, 

changing the parity flag of the pixel to an opposite parity condition; else 

if the depth of the pixel is less than a depth of a back clipping plane at the pixel, 
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setting, within a pixel buffer means, a pixel display characteristic to equal to a predetermined 
characteristic selected to indicate an exterior surface of the solid object; and 
setting, within the pixel buffer means, the depth of the pixel; and 
for all pixels having a predetermined parity flag value, 
5 setting, within the pixel buffer means, a pixel display characteristic to be equal to a predetermined 

characteristic selected to indicate that the pixel projects onto material within an interior region of the 
solid object; and 

setting, within the pixel buffer means, the depth of the pixel to be equal to the depth of the front 
clipping plane. 

10 

10. Apparatus for processing pixels to display a cross-sectioned image of a solid object, comprising: 

pixel buffer means for storing information specifying characteristics of a plurality of pixels that project 
onto a solid object, including a depth of each pixel relative to a viewing plane and a visual characteristic 
of each pixel; 

75 means for determining, as a function of a depth of a clipping plane at a pixel, a parity value of the pixel; 
and 

means, coupled to the determining means, for storing information for specifying the determined parity 
value of each pixel; wherein 

said determining means further includes means for storing within said pixel buffer means, for each pixel 
20 having a stored parity value that is equal to a predetermined parity value, information that specifies a 

predetermined visual characteristic selected to indicate that the pixel projects onto material within an 
interior region of the solid object, and information that specifies that the depth of the pixel is equal to 
the depth of the clipping plane, 

wherein said clipping plane preferably is a front clipping plane, and wherein the determining means 
25 preferably comprise means for maintaining a record of a number of faces of the solid object that are 

traversed by a projection of the pixel, the faces preferably being behind the front clipping plane, 
wherein said predetermined type of parity value preferably is odd, and wherein a pixel preferably is 
determined to have an odd parity value if an odd number of faces of the solid object are traversed by 
the projection of the pixel. 

30 

11. Apparatus as set forth in claim 10 and further including means, coupled to the determining means and 
responsive to the operation thereof, for storing a record of pixel coordinates of pixels that bound a 
region of the solid object. 

12. A graphics buffer, comprising: 
a frame buffer including a first memory means for storing information for each pixel of a display means, 
the stored information specifying a visual characteristic of the pixel, the frame buffer further including a 
first depth buffer means for storing information for each pixel of the display means, the information 
stored within said first depth buffer means specifying a depth of the pixel relative to a viewing plane, 
said graphics buffer further including, 

a second depth buffer means for storing, for each pixel of the display means, a depth of a clipping 
surface relative to the viewing plane; 

a second memory means for storing, for each pixel that projects onto an image of a solid object, a 
parity value of the pixel; and 

pixel processing means, coupled to the first memory means, the second memory means, and to the 
first and the second depth buffer means, and including means for determining the parity value of the 
pixel as a function of a depth of pixel, as a function of the depth of the clipping surface at the pixel, and 
as a function of a number of faces of the solid object that are traversed by a projection of the pixel 
along a z-axis, said pixel processing means storing the determined parity value within the second 
memory means. 

13- A graphics buffer as set forth in claim 12 wherein said determining means further includes: 

means for storing within said first memory means, for each pixel having a parity value stored within the 
second memory means that is equal to a predetermined parity value, information that specifies a 
55 predetermined visual characteristic selected to indicate that the pixel projects onto material within an 

interior region of the solid object; and 

means for storing within said first depth buffer means, for each pixel having a parity value stored within 
the second memory means that is equal to the predetermined parity value, the depth value stored 
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within the associated second depth buffer means. 

14. A graphics buffer as set forth in claim 12 or 13 and further comprising third memory means for storing 
top, bottom, left, and right coordinates of pixels that correspond to a region of said solid object wherein 
the parity value is determined to change from an initial value during the operation of said determining 
means, 

said graphics, buffer preferably further comprising a third depth buffer means for storing, for each pixel 
of the display means, a depth of a second clipping surface relative to the viewing plane. 
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FIG. la. 
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FIG. 5 a. 
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FIG. 8 a 



! CLIPPING 
PLANE 




FIG. 8b. 



ZERO VOLUME 
NOT DISPLAYED 



FIG. 10. 



LIGHT 



VIEWER 



o 



.CLIPPING 
PLANE 





DISPLAYED 
SURFACE 



7 DISPLAYED 
. SURFACE 

CLIPPING 

PLANE 2 




CLIPPING 
PLANE I 



0548629A2 I > 



32 



EP 0 548 629 A2 
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